Fragile X syndrome (FXS) is the most common inherited form of autism and intellectual disability and is caused by the silencing of a single gene, fragile X mental retardation 1 (Fmr1). The Fmr1 KO mouse displays phenotypes similar to symptoms in the human condition-including hyperactivity, repetitive behaviors, and seizures-as well as analogous abnormalities in the density of dendritic spines. Here we take a hypothesis-driven, mechanism-based approach to the search for an effective therapy for FXS. We hypothesize that a treatment that rescues the dendritic spine defect in Fmr1 KO mice may also ameliorate autism-like behavioral symptoms. Thus, we targeted a protein that regulates spines through modulation of actin cytoskeleton dynamics: p21-activated kinase (PAK). Our results demonstrate that a potent small molecule inhibitor of group I PAKs reverses dendritic spine phenotypes in Fmr1 KO mice. Moreover, this PAK inhibitor-which we call FRAX486-also rescues seizures and behavioral abnormalities such as hyperactivity and repetitive movements, thereby supporting the hypothesis that a drug treatment that reverses the spine abnormalities can also treat neurological and behavioral symptoms. Finally, a single administration of FRAX486 is sufficient to rescue all of these phenotypes in adult Fmr1 KO mice, demonstrating the potential for rapid, postdiagnostic therapy in adults with FXS. drug discovery | neurodevelopmental disorder A utism is a diverse and complex family of disorders, and its prevalence is on the rise: one in 110 children have autism today, an increase of nearly 300% in just 12 y (1). Although there are two drugs available to treat repetitive behaviors and irritability, associated adverse effects limit their use (2). Furthermore, there are no effective treatments for the core symptoms, which often include language and communication deficits, intellectual disability, epilepsy, attention deficits, and hyperactivity (3). The quest for a cure is challenging because of the heterogeneity of the disorder, but also because more than 90% of cases of autism are idiopathic (4). Fortunately, one cause has been discovered: silencing of the single-gene fragile X mental retardation 1 (Fmr1) causes an autism-like disorder called fragile X syndrome (FXS) (5). The mouse model of FXS, the Fmr1 KO mouse, displays phenotypes similar to symptoms in the human condition-including hyperactivity, repetitive behaviors, and seizures (6-12).
Fragile X syndrome (FXS) is the most common inherited form of autism and intellectual disability and is caused by the silencing of a single gene, fragile X mental retardation 1 (Fmr1). The Fmr1 KO mouse displays phenotypes similar to symptoms in the human condition-including hyperactivity, repetitive behaviors, and seizures-as well as analogous abnormalities in the density of dendritic spines. Here we take a hypothesis-driven, mechanism-based approach to the search for an effective therapy for FXS. We hypothesize that a treatment that rescues the dendritic spine defect in Fmr1 KO mice may also ameliorate autism-like behavioral symptoms. Thus, we targeted a protein that regulates spines through modulation of actin cytoskeleton dynamics: p21-activated kinase (PAK). Our results demonstrate that a potent small molecule inhibitor of group I PAKs reverses dendritic spine phenotypes in Fmr1 KO mice. Moreover, this PAK inhibitor-which we call FRAX486-also rescues seizures and behavioral abnormalities such as hyperactivity and repetitive movements, thereby supporting the hypothesis that a drug treatment that reverses the spine abnormalities can also treat neurological and behavioral symptoms. Finally, a single administration of FRAX486 is sufficient to rescue all of these phenotypes in adult Fmr1 KO mice, demonstrating the potential for rapid, postdiagnostic therapy in adults with FXS. drug discovery | neurodevelopmental disorder A utism is a diverse and complex family of disorders, and its prevalence is on the rise: one in 110 children have autism today, an increase of nearly 300% in just 12 y (1) . Although there are two drugs available to treat repetitive behaviors and irritability, associated adverse effects limit their use (2) . Furthermore, there are no effective treatments for the core symptoms, which often include language and communication deficits, intellectual disability, epilepsy, attention deficits, and hyperactivity (3) . The quest for a cure is challenging because of the heterogeneity of the disorder, but also because more than 90% of cases of autism are idiopathic (4) . Fortunately, one cause has been discovered: silencing of the single-gene fragile X mental retardation 1 (Fmr1) causes an autism-like disorder called fragile X syndrome (FXS) (5) . The mouse model of FXS, the Fmr1 KO mouse, displays phenotypes similar to symptoms in the human condition-including hyperactivity, repetitive behaviors, and seizures (6) (7) (8) (9) (10) (11) (12) .
Fundamental research on the Fmr1 KO mouse has provided promising insights into the cellular and molecular underpinnings of the disease, and suggested two pathways to target for pharmacological therapies. Numerous animal studies have shown that treatments aimed at reversing a protein synthesis phenotype, through inhibition of metabotropic glutamate receptors and downstream signaling kinases such as ERK1/2, ameliorate mutant phenotypes (13, reviewed in ref. 14, 15) . Another therapeutic strategy is built on the observation that the density and morphology of dendritic spines are abnormal in humans with FXS and Fmr1 KO mice (8, (16) (17) (18) (19) (20) . Because dendritic spines are the sites of connections between neurons and critical substrates for learning, neuroanatomical abnormalities in dendritic spines may contribute to disease symptoms and severity.
The structural integrity of dendritic spines and the functional efficacy of their synapses depend on modulation of the actin cytoskeleton and therefore the regulation of proteins in the actin remodeling pathway (21, 22) . Actin dynamics are mediated by actin-binding proteins and the signaling pathways upstream of them, including p21-activated kinase (PAK)-which has been linked to intellectual disability and Alzheimer's disease-and the upstream small guanosine triphosphatases cell division cycle 42 (Cdc42) and ras-related C3 botulinum toxin substrate 1 (Rac1) ( Fig. 1A ; [23] [24] [25] [26] . Accumulating evidence suggests a link between the Rac/PAK pathway and Fmr1. In Drosophila, there is evidence for a genetic interaction between the fly orthologs of Fmr1 and Rac1 (27) . In murine fibroblasts, the protein product of Fmr1 (FMRP) binds to Rac1 mRNA and interferes with Rac1-induced actin remodeling (28) . In the hippocampus of Fmr1 KO mice, physiological activation of the Rac/PAK pathway is defective (29) . Finally, partial inhibition of PAK activity in vivo through the expression of a dominant negative PAK transgene (dnPAK) results in dendritic spine abnormalities opposite to those reported in Fmr1 KO mice and FXS humans (30) . These observations suggest that PAK and FMRP antagonize one another to regulate spine number and shape, and led us to hypothesize that inhibition of PAK may reverse phenotypes in Fmr1 KO mice. Indeed, expression of dnPAK in the forebrain of adult Fmr1 KO mice on the C57/BL6 (B6) background strain was shown to be sufficient to reverse the morphological, physiological, and behavioral abnormalities in the mouse model of FXS (8) .
Although a genetic rescue strategy is an excellent proof of concept, a pharmacological approach would be needed for human therapies. Until this point, there has been no potent small molecule PAK inhibitor for in vivo studies (31) . In this work, we present a small molecule that we call FRAX486 and test whether it can rescue behavioral and spine density phenotypes when administered to adult Fmr1 KO mice. Our results demonstrate that seizures and behavioral abnormalities such as hyperactivity and repetitive movements are rescued by both acute and prolonged treatment with FRAX486. Moreover, because FRAX486 reverses spine phenotypes in adult Fmr1 KO mice, our data support the hypothesis that a drug treatment that reverses spine abnormalities, even later in life, could also treat neurological and behavioral symptoms.
Results
Discovery of an Inhibitor of Group I PAKs. The discovery that genetic inhibition of PAK reverses abnormalities in Fmr1 KO mice on the B6 background strain highlighted the PAK pathway as a potential target for therapeutics for FXS and related neurodevelopmental disorders (8) . More specifically, dnPAK targets the autoinhibitory domain of group I PAKs, but does not inhibit group II PAKs. The former group consists of three isoforms-PAK1, PAK2, and PAK3-which are enriched in the brain and critical for brain growth and proper cognitive function (32) (33) (34) .
To find a potent inhibitor of group I PAKs, we performed a highthroughput screen of a 12,000 kinase-focused small molecule library. In addition, we counterscreened for one group II PAK-PAK4-to evaluate group II selectivity. The high-throughput screen identified a promising scaffold that was further refined to identify FRAX486 [6-(2,4-dichlorophenyl)-8-ethyl-2-(3-fluoro-4-(piperazin-1-yl)phenylamino)pyrido[2,3-d] pyrimidin-7(8H)-one; structure shown in Fig. 1B ]. Using an in vitro kinase assay, we found that FRAX486 is an inhibitor of PAK, with excellent selectivity for group I over group II PAKs ( Fig. 1 C-F).
FRAX486 Is Bioavailable and Penetrates the Brain. A significant challenge in drug discovery research and the treatment of central nervous system diseases is effective blood-brain barrier (BBB) penetration. Because only ∼2% of small molecule drugs can cross the BBB (35), it was important to determine whether FRAX486 achieves optimum in vivo exposure in the brain before assaying impacts on neuroanatomy and behavior.
In the initial experiment, WT mice of the FVB.129P2 background strain were administered a single s.c. injection of 20 mg/kg FRAX486, and blood and brain samples were collected at various time points. Plasma levels of FRAX486-analyzed and quantified by liquid chromatography with tandem MS-were highest at the initial time point (15 min) and remained >100 ng/mL (∼200 nM) for up to 18 h ( Fig. 2A) . One hour after drug administration, brain levels of FRAX486 reached 155 ± 25.5 ng/g, equivalent to 301 ± 50.0 nM and therefore ∼36 times the IC 50 for PAK1, 7.6 times the IC 50 for PAK2, and 5.4 times the IC 50 for PAK3.
Not only did FRAX486 cross the BBB at levels that will inhibit group I PAKs, FRAX486 levels remained high in the brain for many hours. FRAX486 levels rose steadily in the brain until peaking at 8 h, maintained near 951 ± 27.0 ng/g (1.84 ± 63.5 μM) from 8 h to 18 h ( Fig. 2A) , and began to decrease at 24 h. These data demonstrate that FRAX486 crosses the BBB and that therapeutically useful concentrations of FRAX486 are in the brain as early as 1 h and remain as long as 24 h after administration, with the maximum concentration in the target tissue at 8 h.
To determine whether daily dosing results in steady-state levels of drug or whether drug accumulates in the body, samples were taken from mice that received daily injections of 20 mg/kg FRAX486 for up to 5 d. Each blood and brain sample was taken 24 h following the ultimate injection ( Fig. 2B ). Plasma levels of FRAX486 remained consistent from day to day (plasma, P = 0.1503; brain, P = 0.7928). In this way, once-a-day dosing of 20 mg/kg FRAX486 via s.c. injection results in steady-state levels of FRAX486 in the brain. Dendritic spine density is increased on cortical neurons in FXS humans and Fmr1 KO mice compared with neurotypical humans and WT mice (18, 19) . Expression of dnPAK in the forebrain of adult Fmr1 KO mice on the B6 background rescues the increase in spine density, a phenotype observed on the apical but not basal dendrites in Fmr1 KO mice (8) . To determine whether this genetic strategy could be translated into an effective pharmacological strategy, we assessed the impact of PAK inhibitor FRAX486 on spine density of the same population of neuronspyramidal cells in cortical layers II/III of the temporal lobe-in WT and Fmr1 KO mice on the FVB background strain.
Mice were administered FRAX486 at a concentration of 20 mg/kg, and brain tissue was collected 8 h after drug treatment. Golgi staining showed that in cortical neurons of Fmr1 KO mice, the mean density of apical dendritic spines was greater than in WT neurons in segment 3 (WT + vehicle vs. KO + vehicle: P < 0.05; Fig. 3 ). Therefore, we tested whether our small-molecule PAK inhibitor was sufficient to reverse the segment 3 abnormality. Indeed, the phenotype was rescued by treatment with FRAX486 8 h after a single treatment because spine density was decreased to levels similar to WT mice but significantly lower than untreated Fmr1 KO mice (WT + vehicle vs. KO + drug: P > 0.05; KO + vehicle vs. KO + drug: P < 0.001; Fig. 3C ). FRAX486 also decreased spine density in Fmr1 KO mice in the neighboring segment 4 (KO + vehicle vs. KO + drug: P < 0.05). Importantly, FRAX486 does not have an effect in segments 1-2 and 5-10, in which there is no phenotype in the mutant mice. Furthermore, FRAX486 did not impact spine density in the basal dendrites in Fmr1 KO cortical neurons nor in the apical or basal dendrites in neurons in WT mice (KO + vehicle vs. KO + drug: P > 0.05; WT + vehicle vs. WT + drug: P > 0.05; Figs. S1 and S2). These findings support the notion that FRAX486 is specifically rescuing the Fmr1 KO abnormality in which the spine phenotype is present in apical neurons and not simply decreasing spine density irrespective of genotype or existence of a phenotype.
FRAX486 Rescues Audiogenic Seizures in Fmr1 KO Mice. Seizures occur in conjunction with FXS and autism in up to one-quarter of children with these disorders (36, 37) . Increased susceptibility to sound-induced seizures, called audiogenic seizures (AGS), is a robust and reliable phenotype in the Fmr1 KO mice that does not occur in WT mice ( Fig. 4 A and B) . In response to a loud siren-like noise, Fmr1 KO mice exhibited a sequential seizure response of wild running, tonic-clonic seizures, and often respiratory arrest, leading to death.
To determine whether pharmacological inhibition of PAK can rescue seizures, we treated Fmr1 KO mice with vehicle or 10, 20, or 30 mg/kg FRAX486 and induced AGS 8 h later. The incidences of wild running and seizure were reduced from 100% to 80% by 10 mg/kg, to 25% by 20 mg/kg, and completely abolished by 30 mg/kg (P = 0.0339; P < 0.0001; P < 0.0001, respectively; Fig. 4) . A dose-dependent decrease in the percentage of Fmr1 KO mice that died as a result of respiratory arrest was also observed (10 mg/kg, P = 0.0101; 20 mg/kg, P = 0.0013; 30 mg/kg, P = 0.0175; the higher dose of 30 mg/kg made some mice sluggish and appear sick; therefore, it was not used in subsequent experiments). As a control, we also treated WT mice with vehicle or 20 mg/kg FRAX486 and, as expected, neither WT group displayed AGS phenotypes (WT + vehicle, n = 9; WT + 20 mg/kg, n = 19). In summary, a single dose of FRAX486 is sufficient to rescue the AGS phenotype in Fmr1 KO mice. To determine whether daily administration of FRAX486 also rescues the seizure phenotype, we delivered 10 or 20 mg/kg FRAX486 for 5 d and conducted the AGS assay 8 h after the final injection. Daily administration of FRAX486 also reduced seizure susceptibility: The incidence of wild running was reduced from 100% to 75% by 10 mg/kg and to 54% by 20 mg/kg, and the incidence of seizure was reduced from 96% to 50% by 10 mg/kg and to 42% by 20 mg/kg (P = 0.0041; P < 0.0001; P = 0.002; P < 0.0001, respectively; Fig. S3 ).
To test whether a single dose of FRAX486 has prolonged effects on seizure susceptibility, we administered vehicle or one dose of 20 mg/kg FRAX486 and waited 5 d before conducting the AGS assay. This single dose of FRAX486 was not able to prevent seizures 5 d later (incidence of seizure = 100% and 100%; Fmr1 KO + vehicle, n = 11, Fmr1 KO + 20 mg/kg, n = 10). That is, once the drug was cleared from the body, no lasting effect on seizure susceptibility was observed.
FRAX486 Reduces Hyperactivity and Stereotypical Behaviors. Fmr1 KO mice display the autism-like phenotypes of hyperactivity and restrictive or repetitive behaviors (6, 8) . Inhibition of PAK through expression of dnPAK is sufficient to rescue these phenotypes (8) . To test whether a pharmacological version of this strategy is also effective, we treated mice with FRAX486 or vehicle alone and conducted an open-field assay. In this assay, a single mouse is introduced to a novel, spacious environment, and its movements are tracked for 30 min. In the later part of the 30-min exploration period, WT mice tend to habituate to the novel environment, but Fmr1 KO mice continue to be active (38) . Therefore, although data are presented for each 1-min bin for the initial graph of distance traveled over time (Fig. 5A) , all subsequent bar graphs present averages for minutes 18-30 ( Fig. 5 B-F) .
As shown in Fig. 5A , the patterns of distance traveled differ for Fmr1 KO mice and their WT littermate controls. First, Fmr1 KO + vehicle traveled a greater distance in minutes 18-30 compared with WT + vehicle (P < 0.01; Fig. 5B ). This phenotype was rescued by treatment with FRAX486 for 5 d (P < 0.01), because drug-treated Fmr1 KO mice traveled a distance indistinguishable from WT controls (P > 0.05). Similarly, Fmr1 KO + vehicle made more distinct horizontal movements and spent more time moving than did WT + vehicle (P < 0.05); this hyperactivity was successfully reversed by treatment with FRAX486 for 5 d (P < 0.05; Fig. 5 C and D) .
In humans, repetitive behaviors-which include motor stereotypies, repetitive use of objects, and excessive adherence to ritualized patterns of behavior-are one of three criteria for a diagnosis of autism (39) . To demonstrate that Fmr1 KO mice exhibit these abnormal behaviors and to assess the ability of the PAK inhibitor FRAX486 to treat these autism-like symptoms, we counted revolutions in small circles and stereotypies in the open field. Stereotypy count is quantified as the number of times a mouse interferes with the same infrared beam (or a set of beams) in a bout of stereotypic activity that typically involves behaviors such as grooming and head bobbing. Fmr1 KO + vehicle revolved in the counterclockwise (CCW) direction significantly more than WT + vehicle (P < 0.05; Fig. 5E ). This phenotype was rescued by FRAX486, because CCW revolutions were significantly lower than in Fmr1 KO + vehicle (P < 0.05) but similar to CCW revolutions in WT + vehicle. Fmr1 KO + vehicle exhibited higher levels of stereotypy counts compared with WT + veh, and this phenotype was reverse by FRAX486 treatment (Fig.  5F) . In summary, the mouse model of FXS exhibited restrictive and repetitive behaviors, and FRAX486 reversed this phenotype.
Interestingly, FRAX486 also reduced activity-as measured by distance traveled, time spent moving, and number of distinct movements including CCW revolutions and stereotopies-in WT mice. This decrease was not due to sedation because there was no difference between vehicle and FRAX486-treated WT and Fmr1 KO mice on the rotarod test for motor coordination and balance (Fig. S4 ). In conclusion, the PAK inhibitor FRAX486 reduces hyperactivity and stereotypical movements, both of which are phenotypes that characterize the mouse model of FXS.
Discussion
Here we present evidence that treatment of adult Fmr1 KO mice with the PAK inhibitor FRAX486 is sufficient to reverse the spine density phenotype and to ameliorate autism-like symptoms. We chose an animal model with robust phenotypes that mimic the human FXS symptoms because our primary aim was to develop a therapy with human relevance. The Fmr1 KO mouse on the FVB background exhibits hyperactivity, repetitive behaviors, and seizures into adulthood. All experiments were conducted on the same background strain so that we could correlate the results of neuroanatomical, neurological, and behavioral assays. Strikingly, FRAX486 rescued every one of the human-like, brain-related phenotypes observed in Fmr1 KO mice. First, humans with FXS and autism have abnormally high densities of dendritic spines (18, 19, 40) . Similarly, the cortical neurons of Fmr1 KO mice have increased spine density in a portion of their dendritic tree, which FRAX486 reversed. Second, many FXS and autism patients suffer from seizures (36, 37, 41) . Analogously, Fmr1 KO mice have audiogenic seizures that often lead to death (10) (11) (12) 42) . FRAX486 had a remarkable effect, decreasing seizure susceptibility from 100% to 25% in Fmr1 KO mice. Next, three-quarters of people with FXS also have attention deficit and hyperactivity disorder (43, 44) . This symptom, modeled in mice by hyperactivity in the open field, was also reversed by FRAX486. Finally, restrictive behaviors-adherence to routines or repetitive hand flapping-are core criteria for the diagnosis of autism (39, 45) . Similarly, Fmr1 KO mice show increased circling behavior and stereotypical movements, both of which were decreased by FRAX486. Interestingly, FRAX486 did not impact body weight or the macroorchidism phenotype (Figs. S5 and S6).
FRAX486 rescues all of these brain-related phenotypes in a manner that is compatible with its potential for human therapeutics. First, rescue was observed in adult mice, suggesting that FRAX486 can reverse symptoms after their onset. Second, FRAX486 has excellent pharmacokinetic properties, crossing the BBB and remaining in the brain for at least 24 h at levels well above the IC 50 for group I PAKs. Third, FRAX486 reversed phenotypes rapidly, rescuing seizure and spine phenotypes 8 h after a single drug treatment. This cellular change, which parallels the behavioral improvements we observed, is consistent with the growing literature describing rapid spine elimination or formation in vivo, including spine elimination following fear conditioning and spine formation following ketamine treatment in a stress model of depression (46, 47) . Fourth, FRAX486 selectively acted in the same region of dendrite where the Fmr1 mutation increased spine density (segment 3 and neighboring segment 4), but had no effect on other regions of the dendrite. We hypothesize that FRAX486 does not decrease spine density nondiscriminately, but may interact with the FMRP pathway-as PAK and FMRP physically interact-or at least in the same dendritic segments where FMRP is normally active (8) . Importantly, this selectivity is likely to reduce the possibility that FRAX486 will have side effects in humans. The localization of the spine phenotype to segment 3 is one of a number of differences between the Fmr1 KO mouse on the FVB and B6 backgrounds, which, in the latter, we previously showed that density increases span segments 1-6 (8) . Background strain also influences seizure susceptibility and behavior. Seizure susceptibility was not age-dependent on the FVB background-which allowed us to test the drug in adults-whereas in B6 mice, it is limited to a 3-d window during the juvenile stage (12) . In addition, activity levels are higher in both WT and Fmr1 KO mice with genes from the FVB strain (F1 cross of FVB/NJ and B6) than mice of at least six other genetic backgrounds (7) . This gives insight into our open-field results, in which FRAX486 may be correcting abnormally high levels of activity in all FVB mice. This reduction in activity regardless of genotype was not mirrored in our spine analysis. This may be related to possible impacts of FRAX486 on spines in other regions of the brain. In this study, we focused on pyramidal neurons of the temporal cortex, a part of the brain implicated in autism in humans, specifically sensitive to PAK inhibition, and previously studied in the Fmr1 KO mouse (8, 30, 40) . It remains possible that FRAX486 broadly decreases activity in mice through mechanisms unrelated to spine density; however, the rotarod results demonstrate that the decrease in activity is not due to sedation.
In summary, these discoveries-that a small-molecule PAK inhibitor rescued all of the Fmr1 KO mouse behavioral phenotypes we studied-represent a breakthrough in research for a treatment of FXS. Given that spine phenotypes have also been observed in other forms of autism and intellectual disability, FRAX486 and PAK pathway inhibitors more generally may have therapeutic potential for multiple brain disorders.
Materials and Methods
Adult male Fmr1 KO mice (FVB.129P2-Fmr1 tm1Cgr /J) and age-matched WT mice [FVB.129P2-Pde6b + Tyr c−ch /AntJ (48) ], of the genetic background that includes the WT Pde6b allele so that the mice do not suffer from blindness resulting from retinal degeneration, 10-17 wk old were used (Jackson Labs). Animals were housed two to five per cage, with food and water freely available. Mice were kept on a 12-h light/dark cycle and cared for in accordance with the standards of the Massachusetts Institute of Technology Committee on Animal Care and in compliance with National Institutes of Health guidelines.
The small-molecule inhibitor FRAX486 was discovered through a traditional, two-part structure-activity relationship approach. A distinct chemical series was identified in a high-throughput screen. Using IMAP technology from Molecular Devices, 12,000 compounds in a kinase-focused small-molecule library were screened using a FRET-based assay for their ability to inhibit group I PAKs. The 218 small molecules that met the criterion threshold of 50% inhibition at 10 mM were considered hits. These hits, confirmed with a seven-point dose-response assay, constituted a class of unsubstituted pyridopyrimidinones that demonstrated moderate group I inhibition. Although these initial compounds were indeed group I inhibitors, they demonstrated similar inhibition of group II PAKs. A total of 143 of the compounds were handpicked for further profiling and grouped into chemical series. Through a scaffold optimization strategy, we identified FRAX486, a pyridopyrimidinone with a substituted aryl group, which provided good group I potency and selectivity over group II PAKs. Efficacy of this putative inhibitor was tested again with Invitrogen in vitro kinase assays (SelectScreen Biochemical Kinase Profiling Service using a Z ′ -LYTE functional biochemical assay for 10 titrations of FRAX486). The values (mean ± SEM, n = 2) were graphed as semilog plots, and sigmoidal dose-response curves with variable slope were fit to the data and used to calculate IC 50 values.
For in vivo experiments, FRAX486 was dissolved in 20% (wt/vol) hydroxypropyl-β-cyclodextrin vehicle (Sigma-Aldrich). A 2-mg/mL solution of drug or vehicle alone control was administered via s.c. injection at 20 mg/kg in a volume proportional to the animals weight. For pharmacokinetics, forebrain tissue was weighed, fast frozen, and homogenized in 2× volumes of cold PBS. Levels of FRAX486 were determined via liquid chromatography/ MS/MS (Apredica). Open-field and rotarod experiments were conducted 4-5.5 h after FRAX486 administration. Audiogenic seizure and dendritic spine analyses were conducted 8 h after drug treatment.
The brains of drug treated 11-wk-old littermates were prepared and analyzed via the Golgi-Cox technique (49, 50) . Dendrites of layer II/III pyramidal neurons of the temporal cortex were analyzed in 10 consecutive 10-μm segments to quantify spine density. Primary apical dendrites observed in this study originate 50-100 μm from the cell body.
For the audiogenic seizure assay, a clear acrylic box with two identical square chambers (13 × 13 × 16 cm) divided by a clear partition was designed and built ( Fig. 4A) . A mouse was placed on either side of the partition and was acclimated to the apparatus for 2 min. Then a speaker in the top of the box presented an auditory stimulus (124-dB siren) until seizures occurred but not longer than 5 min. Mouse behavior was observed for wild running and jumping, seizure, and cardiac arrest leading to death.
The open-field assay was performed in a VersaMax activity monitor chamber with the associated VersaDat software (Accuscan Instruments). Infrared sensors tracked the animal's horizontal and vertical movements, and the data were combined into 1-min bins. Criteria were established to remove outlier mice based on extreme hyperactivity or adverse effects of FRAX486: mice that scored more than 2 SDs from the mean in total distance traveled over the 30-min period or did not travel horizontally for 5 consecutive minutes were discarded from further analysis.
The rotarod treadmill consisted of a motor-driven, computer-controlled, rotating cylinder divided up into five test zones. One mouse was placed in each test zone on the stationary cylinder such that it was facing away from the eventual direction of the rotation. When all mice were in position, rotation of the cylinder was initiated starting at one revolution per 12 s and accelerating every 40 s. The latency to fall or jump off the rotating cylinder was measured for each mouse (maximum of 3 min). Each mouse was given three trials that are separated by 30-40 min, and the average latency for each mouse is used for comparison.
